Cadmium telluride (CdTe) thin films of different thicknesses deposited onto titanium dioxide (TiO 2 ) nanoparticle layer by spray pyrolysis deposition (SPD) are demonstrated as major photo-active semiconductor in photo-electrochemical solar cell configuration using iodide/triiodide (I − /I 3 − ) redox couple as a hole transport layer. The CdTe-TiO 2 heterogeneous films were characterized by X-ray photoelectron spectroscopy which identified doublet split of Cd 3d and Ti 2p which confirms CdTe and TiO 2 . Optical absorbance and transmittance of CdTe and TiO 2 films which were examined by UV-Vis spectroscopy confirm that the optical bandgap of CdTe is 1.5 eV with a dominant photo-absorption in the spectral window of 350-800 nm, while TiO 2 showed a bandgap of 3.1 eV and is optically transparent in the visible spectral window. The present work examined photo-anodes comprising 1, 3, 5, and 10 SPD cycles of CdTe coated on TiO 2 nanoparticle layer. The solar cell with 5 SPD cycles of CdTe resulting in 0.4% efficiency. Results can be articulated to the CdTe deposited by 5 SPD cycles provided an optimum surface coverage in the bulk of TiO 2, while the higher SPD cycles leads to agglomeration which blocks the porosity of the heterogeneous films.
Introduction
Third generation energy-harvesting technology comprises all thin-film-based solar cells in addition to the excitonic photovoltaic devices which include dye and quantum-dotsensitized solar cells [1] [2] [3] . Dye-and quantum-dot-based photovoltaic devices are important category in electrochemical solar cell technology due to their high performance and lower cost [4, 5] . Various dyes and quantum dots exhibiting optical absorption at different energy ranges were explored to develop electrochemical solar cell technology with different electrolytes [6, 7] . Various technical challenges including adsorption and stability of dyes onto electron acceptors, volatile, and corrosive nature of electrolytes are a few major hurdles in the progress roadmap of photo-electrochemical solar cell technology [8, 9] . Quantum dots of CdTe, CdS, and CdSe are being used as major photo-absorbing candidates in excitonic solar cells with wide bandgap semiconductors as electron acceptors such as TiO 2 and ZnO [10] [11] [12] .
CdTe has been realized as one of the potential energyharvesting material candidate in thin-film solar cells due to its optimum bandgap energy and other attractive opto-electronic properties [13, 14] . CdTe is widely used as a major photo-active candidate (bandgap of 1.5 eV) along with CdS as a window layer (bandgap of 2.5 eV) in heterojunction thin-film solar cells [15] . It has been predicted that CdTebased thin-film photovoltaic technology will enable better energy payback time compared to other thin-film-based solar cells [16] . It is an essential requirement to make energy-harvesting technology more viable and affordable by employing suitable low-cost materials. While the other electrochemical solar cells experience major problems in terms of stability and photo-absorption, CdTe thin film can be considered as a highly stable which can be used to harvest photons in the visible spectral energy window. Various material processing techniques including close space sublimation, chemical bath deposition, and metal organic chemical vapor deposition are effectively utilized to deposit CdTe thin films for solar cell applications [17] [18] [19] [20] . CdTe solar cell module with 16.5% efficiency (η) with an active area of 1 cm 2 and 10.5% in an area of 1400 cm 2 was reported by Green et al. [21, 22] . Accelerated tests on CdTe-based thin-film solar cells under harsh environments, including high temperature and illumination, were performed and the materials have shown promising stability and lifetime except for few issues addressed by Corwine et al. [23, 24] . CdTe thin-film solar cells employ Cu as a back contact and it has been observed that Cu diffusion through the grain boundaries of CdTe is one of the major issue affecting its performance and stability to an extent [25] . Various deposition methods have been employed to coat CdTe thin films for energy-harvesting applications [17, 19] . Specifically, quantum-confined CdTe was coated on TiO 2 by successive ionic layer adsorption and reaction and reasonable photovoltaic performance values were reported [10] . CdTe has been explored as a co-sensitizer along with traditional organic dyes on TiO 2 and the solar cells have shown promising photovoltaic performance [26] . SPD is a versatile material processing technique, widely used in photovoltaic research to coat various functional materials including transparent conductor oxide and electron acceptor such as TiO 2 [27] . It has been realized that SPD can be a potential technique for both thin-and thick-film production for energy-related applications [28] . SPD offers wide choices in choosing precursors and deposition temperature for desired material deposition [29] .
The present work demonstrates the possibility of establishing photo-electrochemical solar cell technology based on all SPD-based photo-anodes comprising CdTe thin-filmcoated TiO 2 nanoparticle layer and I − /I 3 − redox couple as a hole transport layer. Photo-electrochemical solar cells employing the heterogeneous CdTe-TiO 2 heterogeneous photo-anodes and I − /I 3 − electrolyte as a hole transporting layer were fabricated and characterized for 1, 3, 5, and 10 SPD cycles of CdTe to examine the effect of CdTe layer thickness on performance. Results show the possibility of establishing all SPD-based nanostructured photo-anodes (both electron acceptor and photo-active semiconductor) for photo-electrochemical solar cell technology.
Experimental
Both TiO 2 and CdTe films reported in the present work were prepared by SPD technique (KM-150, SPD Laboratory Inc from Japan). For the TiO 2 deposition, colloidal solution of TiO 2 was prepared by mixing 5 mL of acetic acid and 50 mL of titanium iso-propoxide with 40 mL isopropyl alcohol. All these chemicals were used as purchased from Sigma-Aldrich without any further modifications. This solution was used as a precursor for SPD-coating process directly onto fluorine doped tin oxide (FTO)-coated glass substrates at 110 °C. The SPD-coated TiO 2 films were annealed at 450 °C for 1 h.
For the deposition of CdTe on TiO 2 , 0.25 mM of cadmium nitrate tetrahydrate and 0.25 mM of tellurium dioxide were used as precursors. The SPD process for CdTe was carried out at 100 °C. Photo-electrochemical solar cells were fabricated using the CdTe-coated TiO 2 on FTO as photo-anodes, I − /I 3 − electrolyte as a hole transporting layer and Pt thinfilm-coated glass substrates as counter electrode.
X-ray photoelectron spectroscopy was used to confirm the SPD-processed CdTe and TiO 2 using Kratos Analytical unit. Raman spectroscopy was carried out on TiO 2 and CdTe samples using Witec Alpha confocal Raman-300 AR spectrometer with an excitation wavelength of 532 nm. Surface morphology of the TiO 2-and CdTe-coated TiO 2 films was studied by scanning electron microscope (SEM) using JEOL JSM-6490-LA. Perkin Elmer Lambda-750 was used to study the optical absorbance and transmittance characteristics of the SPD-processed TiO 2 and CdTe films. Newport Oriel Class-A solar simulator was used to study the current density-voltage (J-V) measurements under AM 1.5 illumination using a Keithley 2400 digital source meter. Figure 1a shows XPS survey scan obtained on the heterogeneous CdTe-TiO 2 film used as a photo-anode in the solar cells. The wide survey spectrum confirmed cadmium, tellurium, and oxygen at 404.3, 575, and 531.3 eV, respectively. Carbon was spotted at 284.3 eV as an impurity present in the film. The characteristic peak corresponding to titanium (Ti 2p) did not show up in the survey spectrum due to the thickness of CdTe layer on TiO 2 porous film. The particular sample used for XPS studies utilized 5 cycles of CdTe on TiO 2 which covered the surface completely, and due to the limitation of XPS, the Ti 2p state was not found in the heterogeneous CdTe-TiO 2 sample. High-resolution XPS scan was performed on the sample to examine the constituent elements in the heterogeneous film and Fig. 1b shows doublet split of Cd 3d state. Cd 3d 5/2 and 3d 3/2 states were observed at 404.9 and 411.6 eV, respectively. Figure 1c shows Te 3d 5/2 and 3d 3/2 at 575.9 and 586.3 eV, respectively. The major characteristic peaks corresponding to Cd 3d and Te 3d states assure the SPD-processed CdTe thin film. As shown in the survey spectrum obtained from the CdTe-coated TiO 2 sample, the Ti 2p was not noticed due to the presence of CdTe on TiO 2 . Thus, we performed XPS on pure TiO 2 with no CdTe layer on it to confirm the presence of Ti 2p, as shown in Figure 1e shows that O 1s high-resolution spectrum exhibiting two peaks at binding energy values of 530.5 and 532.5 eV represent oxygen with metal oxide and metal carbonate, respectively. These two peaks were further de-convoluted using two Gaussian peak fit which assures that the respective binding energy values correspond to the oxygens coordinate with metal and carbonate in the SPD-processed heterogeneous CdTe-TiO 2 film. Figure 2 shows Raman spectra obtained from the a TiO 2 and b CdTe samples processed by SPD method. Four Raman active modes were observed at 157, 400, and 520 cm − 1 for TiO 2 , corresponding to bandgap and other modes, respectively. These four Raman active modes shown in Figure 3b shows surface morphology of the TiO 2 film obtained at 10,000 × showing a highly porous nature in the bulk as can be viewed clearly through the clusters formed during the growth. The TiO 2 film comprises particles of different sizes and agglomerates to form clusters and the clusters are of the order of microns in size. Furthermore, the morphology of the TiO 2 film asserts randomly distributed TiO 2 particles formed the loosely packed clusters which are observed to be well connected to each other that can be considered as an essential requirement for an electron acceptor in nanoparticle based solar cells. Figure 3c, d shows surface morphology of CdTe-coated TiO 2 film obtained at 10,000 × and 20,000 ×, respectively. Since the TiO 2 film itself was observed as a porous nanoparticle network, CdTe deposition on porous TiO 2 simply covered the surface and resulted in the mesoporous heterogeneous CdTe-TiO 2 photo-anode. Mesoporosity of CdTe-coated TiO 2 can be confirmed through the surface morphology images, as shown in Fig. 3b-d . This can be viewed as randomly distributed mesoscopic clusters of SPD-processed CdTe/TiO 2 heterogeneous film. Furthermore, the mesoscopic clusters of CdTe/ TiO 2 are, in general, expected to provide an efficient charge transport pathway for photo-generated electrons from CdTe to TiO 2 to reach FTO electrode by diffusion-based transport process. The mesoporous nature of CdTe-coated TiO 2 is a highly preferred morphology for photo-electrochemical solar cells due to an advantage in forming large surface area electrochemical junction between TiO 2 /CdTe and I − /I 3 − electrolyte. The mesoporous morphology observed in the SEM images asserts that I − /I 3 − electrolyte ions can diffuse into the bulk of CdTe covered TiO 2 to make hole transport process. In the SPD process, initially, TiO 2 layer was deposited onto FTO substrate and annealed at 450 °C for 4 h in atmospheric condition. The cross-sectional and surface morphologies of the CdTe-coated TiO 2 demonstrate that the bottom TiO 2 layer was porous in nature through which the CdTe diffused into the bulk and get coated on the surface to form the heterogeneous photo-electrode stack comprising TiO 2 /CdTe. CdTe and TiO 2 samples were deposited by SPD onto bare glass substrates to study their optical properties using UV-Vis spectroscopy. Figure 4a shows digital photographs of the CdTe thin-film samples processed by SPD showing 1, 3, 5, and 10 cycles of deposition to examine the effect of thickness on photovoltaic performance of resulting photoelectrochemical solar cells. The images show variation in contrast due to the increasing thickness starting from 1 to 10 cycles having samples processed at 3 and 5 cycles in the middle range. While the contrast is exceptionally clear between 1 and 3 cycles, the higher number of cycles saturated the film color. All four CdTe films on glass substrates are observed to be highly smooth and continuous for naked eye, as can be seen in Fig. 4a . The films are observed to be pinhole free and highly uniform. These four films were subjected to UV-Vis spectroscopic studies to examine their optical properties. Figure 4b shows optical absorbance spectra of CdTe thin film of 1, 3, 5, and 10 cycles in a wavelength range of 350-800 nm. It is observed that optical absorbance of the films increased systematically with increasing thickness, as depicted in Fig. 4b . The characteristic feature of absorbance spectra for all four samples was similar but differed in magnitude due to the variation in thickness. Particularly, the 10 SPD cycles yield maximum possible absorbance among all four samples explicitly articulate the effect of thickness on the ability of trapping more photons. Figure 4c shows transmittance of the same four CdTe samples which further confirms the effect of sample thickness on transmittance. The variation in transmittance due to the difference in CdTe thickness is in good agreement with the absorbance spectra, as illustrated in Fig. 4b . The CdTe sample of 1 SPD cycle showed maximum transmittance compared to other samples as expected. Figure 4d shows a comparative plot showing optical transmittance of CdTe and TiO 2 films. The inset in Fig. 4d shows calculated optical bandgap values for both CdTe and TiO 2 using Tauc plot technique, (αhν) 1/2 vs. incident energy, showing 1.5 and 3.1 eV, respectively. It is important to note that TiO 2 as a wide bandgap (3.1 eV) material does not interact with photons in the visible solar spectrum, while CdTe interact with visible energy photons as a narrow gap (1.5 eV) material. In this study, TiO 2 is used as an electron acceptor, while CdTe is considered as a major photo-active semiconductor. The optical absorbance, transmittance characteristics along with the optical bandgap values of both layers assert the SPD-processed heterogeneous CdTe-TiO 2 and can be a good choice for photo-electrochemical solar cell application. Semiconductors with optical bandgap close to 1.5 eV, such as CdTe, exhibit dominant photo-absorption in the visible spectral range. The present study shows absorption around 300 nm which could be due to the diffusion of TiO 2 which has optimum bandgap for high-energy photo-absorption. Moreover, morphology of the heterogeneous TiO 2 -CdTe film is randomly distributed nanoparticle network which may facilitate optical diffusion through which light scattering can be enhanced to efficient absorption. Figure 5 a-d shows J-V characteristics of the four sets of photo-electrochemical solar cells employed heterogeneous CdTe-TiO 2 photo-anodes in which thickness of CdTe layer on the surface of TiO 2 was varied by varying the number of SPD cycles. Table 1 lists J SC , V OC , FF, and η values of solar cells extracted from four different measurements performed to examine the consistency in their performance. Table 2 summarizes mean values and their standard deviations from four measurements showing J SC , V OC , FF, and η values of all four cells for 1, 3, 5, and 10 SPD cycles of CdTe extracted from the data set, as shown in Fig. 5a-d . The key parametric values reported in the present study indicate that some of the values are much better than previously reported, but some are not [4, 6, 24] . However, the present study explores the possibility of fabricating the complete photo-anode (TiO 2 -CdTe) by SPD method and the results showed the feasibility to achieve the solar cells with decent performance metrics. The cells used 1, 3, 5, and 10 SPD cycles of CdTe showed an average η values (obtained from four cells) of 0.12, 0.08, 0.15, and 0.04%, respectively. While J SC of the cells highly depends on number of SPD cycles, which determines thickness of CdTe, V OC in this cell design represents the energy difference between the quasi-fermi level of CdTe and the redox potential of electrolyte. It is expected that cells using 10 cycles of CdTe can yield higher J SC value compared to other cells only due to the increase in thickness of CdTe. Increasing thickness offers photons better chance to be trapped in the layer in which they can generate more photons which result in improved current in the cell. Results show that 1 SPD cycle of CdTe yields J SC of 613 mA cm Figure 6 shows energy band diagram of the solar cell employing FTO, Pt as contact layers, TiO 2 as an electron acceptor, electrolyte as a hole transport layer, and CdTe as a major photo-active semiconductor. Optical bandgap values for FTO and TiO 2 are 3.6 and 3.1 eV, respectively. These two wide bandgap materials do not absorb photons in the visible spectral range and the incident light can pass through to reach CdTe coated on TiO 2 . Photo-excitation in CdTe creates electrons and holes in the conduction and valence bands, respectively. Photo-generated electrons from the conduction band of the CdTe are further injected into the conduction band of the TiO 2 and transported to FTO by diffusion process. The free holes from the valence band of CdTe are transported to electrolyte. In the cell operation, exciton generation occurs at CdTe layer coated on TiO 2 . In general, electronic quality of CdTe, TiO 2, and the interface formed by these two materials are considered to be major factors that determine electron transport. We believe that interfacial recombination loss at the heterogeneous CdTe-TiO 2 films dominated which adversely affected the key photovoltaic parameters under illumination condition. We believe that the present work is an initial attempt to develop photoelectrochemical solar cell technology based on all SPDprocessed photo-anodes. Further improvisation in terms of performance is possible by improving the opto-electronic properties of CdTe and interfacial quality of heterogeneous CdTe-TiO 2 photo-anodes in the solar cell.
Results and discussion

Conclusion
Heterogeneous CdTe-TiO 2 films were prepared by SPD processing and demonstrated their applications in solar energy harvesting. The SPD-processed CdTe exhibits an optical bandgap of 1.5 eV with a dominant photo-absorption in the 
